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ABSTRACT 

Payload-AV curves are calculated for nuclear stages 
at various thrust levels and compared with advanced H 2 / 0 2  

stage performance. Two specific missions are also investigated: 

orbit to a synchronous equatorial orbit, and 
1) transfer from a 100 n.m. altitude, 2 8 . 5 O  inclination 

2 )  injection onto a translunar trajectory following 
rendezvous of two intermediate-class boosters in 
a 100 n.m. orbit. 

A Nerva I class (75,000 I b s  t h n s t )  cuclear rocket s t a g e  
shows a performance advantage over chemical stages for high AV 
orbital maneuvering applications if there is a requirement for 
a payload heavy enough so that a Saturn V launch vehicle must be 
used for the missions. However, the magnitude of t h i s  advantage 
is small unless the AV required is considerably in excess of that 

----- f n ~ r t  weights are m~lch less t h m  those esthated f r m  t h e  NASA- 
sponscred Lockheed study of a modular nuclear vehicle. If launch 
vehicles of the INT-20 capability ( % 1 3 5 , 0 0 0  lbs to low orbit) 
or less are used, nuclear stages have less payload at any AV 
unless the lower inert weights can be attained. 

~-eq?lJjx3pd f o r  2 synchycnous qua tcy i2 - J -  m:ss:QR, 0" nuc loay  sys t .cm 

The feasibility of relatively low stage inert weights 
must be determined on a mission-by-mission basis, taking into 
account such factors as stage diameter, propellant capacity, 
thrust level, launch loads, number of restarts, storage time in 
orbit, and shielding of the crew from radiation. 

An engine smaller than Nerva I would give better per- 
formance f o r  the classes of missions considered, particularly in 
conjunction with the lower-capacity launch vehicles. For the 
synchronous orbit and translunar missions considered, the optimum 
thrust level is about 25,000 lbs. However, the payload penalty 
for using either Nerva I (75.000 lbs thrust) or a smaller 
of about-15,000 lbs thrust is not more than 5%. 
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I n t r o d u c t i o n  

The u s e  o f  t h e  Nerva I n u c l e a r  r o c k e t  f o r  e a r t h  
o r b i t a l  maneuvering o p e r a t i o n s  has been unde r  d i s c u s s i o n  l a t e l y  
as p r o s p e c t s  f o r  e a r l y  manned p l a n e t a r y  a p p l i c a t i o n s  have  f aded .  
The c o n t e x t  o f  t h e  d i s c u s s i o n  h a s  l a r g e l y  been  one o f  a m b i t i o u s  
b u t  vague ly  d e f i n e d  m i s s i o n s ;  i . e . ,  l a rge  s p a c e  s t a t i o n s  and /o r  
h i g h  maneuvering A V ' s ,  which combined r e q u i r e  one o r  more S a t u r n  
V l a u n c h e s .  I n  t h e  l i g h t  o f  c u r r e n t  N A S A  p r o s p e c t s ,  i t  i s  we l l  
t o  r e v i e w  t h e  p o t e n t i a l  a p p l i c a t i o n  o f  n u c l e a r  r o c k e t s  t o  e a r t h  
o r b i t a l  m i s s i o n s  i n  t e rms  o f  s m a l l e r  l aunch  v e h i c l e s  and pay loads  
2s vel1 2 s  simller  engines ~ ~ i ~ p i ; r e d  w i t h  N ~ T v ~  I .  

I n  t h e  m i s s i o n  a n a l y s i s  done i n  t h i s  s t u d y ,  i t  was 
assumed t h a t  t h e  n u c l e a r  s t a g e s  a re  o p e r a t e d  o n l y  a f t e r  b e i n g  
p l a c e d  i n t o  a low e a r t h  o r b i t ,  a l o n g  w i t h  t h e  p a y l o a d ,  by  an 
a l l - c h e m i c a l  l a u n c h  v e h i c l e .  S u b o r b i t a l  s t a r t  of  n u c l e a r  
i i ocke t s  would s j . g i i i P i c a n t l y  en;lzncr AT--:- b i i c i i -  p ~ i . i . d i ~ i i i a i i L c  --.P------- % ~ y " i i  --..e 0 . P  

(papt-cuiariy / . .  . in +-he i,Jel.va 1 s i z e  01' 1 a y g e r ) j  however,  L I - J  LJr113 Fiaa 
n o t  c o n s i d e r e d  h e r e i n  because  o f  t h e  more c o m p l i c a t e d  a n a l y s i s  
i n v o l v e d .  

A n a l y s i s  and R e s u l t s  

1. Pavload-AV Curves 

S i n c e  s p e c i f i c  m i s s i o n  r e q u i r e m e n t s  f o r  o r b i t a l  
maneuver ing  a re  s p e c u l a t i v e ,  g e n e r a l  payload-AV c u r v e s  were 
c a l c i ~ l a t e d  f i r s t ,  
p l a n e  change maneuvers ,  i n - p l a n e  t r a n s f e r s  from one o r b i t  t o  
a n o t h e r ,  o r  combina t ions  t h e r e o f .  G r a v i t y  l o s s e s  a re  n e g l e c t e d  
f o r  a f i r s t  c u t  a n a l y s i s  s i n c e  t h e y  a re  e x p e c t e d  t o  b e  small 
f o r  p l a n e  change maneuvers and, a t  l e a s t  w i t h  Nerva I s i z e  e n g i n e s ,  
f o r  o r b i t a l  t r a n s f e r s  as w e l l .  A f t e r c o o l i n g  p r o p e l l a n t  r e q u i r e -  
ments  are  a l s o  n e g l e c t e d  s i n c e  t hese  on ly  a p p l y  t o  m u l t i p l e -  
s t a r t  c a s e s  and a re  dependent  on s p e c i f i c  m i s s i o n  p r o f i l e s .  

The A V ' s  can b e  i n t e r p r e t e d  as r e p r e s e n t i n g  
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A v i t a l  f a c t o r  i n  e v a l u a t i n g  n u c l e a r  s t a g e  per formance  
i s  t h e  s c a l i n g  e q u a t i o n  used  t o  es t imate  s t a g e  i n e r t  w e i g h t s .  
The most d e t a i l e d  n u c l e a r  s tage d e s i g n  s t u d y  c a r r i e d  o u t  to 
d a t e  was done b y  Lockheed M i s s i l e s  and Space Company (see 
Refe rence  1). T h i s  s t u d y  was o r i e n t e d  p r i m a r i l y  around manned 
p l a n e t a r y  m i s s i o n s ,  u se  o f  t h e  s o - c a l l e d  Nerva I1 e n g i n e  (which 
was t o  have u s e d t h e  4000-5000 megawatt Phoebus r e a c t o r ) ,  and 
u p r a t e d  two-s tage  S a t u r n  V launch  v e h i c l e s  s o  t h a t  t h e  n u c l e a r  
s t a g e s  were 33 f t .  i n  diameter. D e t a i l e d  weight  e s t i m a t e s  were 
made f o r  a po in5  d e s i g n ,  and s c a l i n g  e q u a t i o n s  were d e r i v e d  
t h a t  are  a p p l i c a b l e  t o  s t a g e s  h a v i n g  p r o p e l l a n t  c a p a c i t y  g r e a t e r  
t h a n  abou t  150,000 l b s .  The Lockheed d e s i g n  concep t  u t i l i z e d  
a s h r o u d  which c a r r i e s  t h e  a s c e n t  l o a d s  d u r i n g  l aunch  and a l s o  
p r o v i d e s  me teo ro id  p r o t e c t i o n  i n  e a r t h  o r b i t .  T h i s  sh roud  i s  
j e t t i s o n e d  p r i o r  t o  s t a r t u p  of t h e  n u c l e a r  s t a g e ,  b u t  must b e  
a c c o u n t e d  f o r  as p a r t  o f  t h e  t o t a l  weight  p l a c e d  i n  e a r t h  o r b i t .  
Based on t h e  Lockheed s t u d y ,  t h e  f o l l o w i n g  e q u a t i o n s  a re  used  
h e r e i n  as p a r t  o f  S c a l i n g  Law 1 ( a l l  s c a l i n g  laws employed i n  
t h i s  r e p o r t  are  summarized i n  T a b l e  I ) :  

S t a g e  i n e r t  'weight  ( e x c l u d i n g  t h e  e n g i n e )  = 1 7 , 0 0 0  l b s  + . 0 8  Wp 

Shroud j e t t i s o n  weight  = 12,600 l b s  t .0775 Wp 

where Wp i s  p r o p e l l a n t  w e i g h t .  

A s c a l i n g  e q u a t i o n  for a i n - o r b i t  s t a g e  t o  b e  used  for 
unmanned m i s s i o n s  h a s  also been g e n e r a t e d  b y  A e r o j e t  t h rough  
i n h o u s e  s t u d i e s  o f  l e s s  d e p t h ;  t h e i r  s t a g e  i n e r t  weight  minus 
e n g i n e  i s  g i v e n  by 13,400 l b s  t . 0 6 4  Wp f o r  t h e  Nerva I sys t em.  
T h i s  was i n c o r p o r a t e d  as p a r t  o f  S c a l i n g  Law 2 which assumes 
t h e  same a s c e n t  sh roud  weight  as S c a l i n g  Law 1, bu t  a somewhat 
l i g h t e r  e n g i n e  weight  f o r  Nerva I ( s e e  T a b l e  I ) .  

Payload  v s .  AV i s  p l o t t e d  i n  F i g u r e  1 for a gross 
weigh t  i n  o r b i t  o f  275,000 l b s  ( i . e . ,  a S a t u r n  V l aunch  v e h i c l e ) .  
N u c l e a r  s t a g e s  u s i n g  Nerva I a r e  compared w i t h  advanced H 2 / 0 2  
s t a g e s  which are  w e l l  w i t h i n  t h e  s t a t e  o f  t h e  a r t ,  and bands of 
per formance  are  i n d i c a t e d  for b o t h  n u c l e a r  and chemica l .  The 
n u c l e a r  s tage can  maneuver g r e a t e r  p a y l o a d  t h a n  a s i n g l e  chemica l  
s t a g e  f o r  AV g r e a t e r  t h a n  about  7,000 f p s ;  t h i s  pay load  advan tage  
i s  a b o u t  2 0 , 0 0 0  l b s  f o r  AV's o f  1 5 , 0 0 0  f p s  or more. Pe rcen tage -  
wise t h i s  i s  ve ry  l a r g e  a t  t h e  h i g h e r  AVls; e . g . ,  f o r  a 60' p l a n e  
change r e q u i r i n g  25,000 f p s ,  t h e  n u c l e a r  pay load  i s  a p p r o x i m a t e l y  
doub le  t h a t  of  a s i n g l e  chemica l  s t a g e .  Fo r  m i s s i o n s  r e q u i r i n g  
ex t r eme  A V f s  i n  t h e  r ange  o f  35,000-45,000 f p s  and pay loads  of 
1 0 , 0 0 0  l b s  or l e s s ,  two chemica l  s t a g e s  a r e  c o m p e t i t i v e  w i t h  a 
s i n g l e  n u c l e a r  s t a g e .  

S i m i l a r  comparisons are  made i n  F i g .  2 for g r o s s  weight  
i n  o r b i t  of 1 3 5 , 0 0 0  l b s ,  app rox ima te ly  t h e  c a p a b i l i t y  o f  INT-20 
(SIC/SIVB). The same s t a g e  s c a l i n g  laws were used as i n  F i g .  1. 
The r e s u l t s  i n d i c a t e  t h a t  chemica l  s tages  a r e  b e t t e r  t h a n  n u c l e a r ,  
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a t  a l l  A V l s  a:id p a y l o a d s ;  t h e  chemica l  advan tage  would be 
e v e n  more pronounced f o r  smaller l a u n c h  v e h i c l e s .  

A Nerva I n u c l e a r  stage would have no c a p a b i l i t y  a t  
a l l ,  a c c o r d i n g  t o  these  s c a l i n g  laws, on a 4 0 , 0 0 0  lb p a y l c a d  
l a u n c h  v e h i c l e ,  whereas a chemica l  s tage  c o u l d  t r a n s f e r ,  e . g . ,  
a b o u t  1 3 , 0 0 0  l b s  i n t o  a synchronous  e q u a t o r i a l  o r b i t  a s  
i n d i c a t e d  by t h e  payload-AV curve  o f  F i g u r e  3.  

Another  way o f  l o o k i n g  o t  t h e  p r e c e d i n g  r e s u l t s  i s  
t o  c r o s s p l o t  t h e  g r o s s  weight r e q u i r e d  i n  o r b i t  ( i . e . ,  d e f i n i n g  
t h e  l a u n c h  v e h i c l e .  r e q u i r e m e n t s )  v s .  AV for a g i v e n  pay load .  
T h i s  i s  done f o r  a pay load  of 4 0 , 0 0 0  l b s ,  t y p i c a l  o f  a MOL-class 
s p a c e c r a f t ,  i n  F i g u r e  4 and i n d i c a t e s  t h a t  Nerva I p r o p u l s i o n  
would r e s u l t  i n  lower  l a u n c h  r e q u i r e m e n t s  o n l y  f o r  A V ' s  o f  a t  
l e a s t  1 6 , 0 0 0  f p s  o r  more, which i s  greater  t h a n  t h e  synchronous  
e q u a t o r i a l  m i s s i o n  r e q u i r e m e n t .  

The r e a s o n  tha t  t h e  Nerva I n u c l e a r  s tage per formance  
a p p e a r s  t o  be s o  p o o r ,  excep t  i n  t h e  c a s e  of  a S a t u r n  V l a u n c h ,  
i s  t h e  l a r g e  f i x e d  weights i n  t h e  s c a l i n g  e q u a t i o n s .  These 
i n c l u d e  t h e  c o n s t a n t  term i n  t h e  s t a g e  i n e r t  weight e q u a t i o n  
(13,400-17,000 l b s .  ) , t h e  c o n s t a n t  term i n  t h e  sh roud  j e t t i s o n  
we igh t  e q u a t i o n  ( 1 2 , 6 0 0  l b s ) ,  and t h e  Nerva I e n g i n e  w e i g h t  
(15 ,000-18 ,000  l b s ) .  
however ,  t o  s t a g e s  which would be  used  w i t h  t h e  s m a l l e r  l aunch  
v e h i c l e s  because  t h e  s t a g e s  have much less  p r o p e l l a n t  c a p a c i t y  
and would be  o f  d i f f e r e n t  geometry t h a n  t h o s e  which were a n a l y z e d  
i n  t h e  Lockheed s t u d y .  The m i s s i o n s  under  c o n s i d e r a t i o n  i n  many 
cases r e q u i r e  p r o p e l l a n t  l o a d i n g s  o f  w e l l  under  1Z0,OC)O l b s  
v s .  on t h e o r d e r  o f  200 ,000  l b s  i n  t h e  Lockheed s t u d y ;  s t a g e  
diameters would be  s m a l l e r  s i n c e  t h e y  would n o t  be  launched  on 
t o p e  of a n  SI1 s t a g e ,  and i t  i s  n o t  c l e a r  whether  t h e  ascent  
s h r o u d  d e s i g n  concep t  would app ly  a t  a l l .  

It i s  u n r e a l i s t i c  t o  a p p l y  t hese  e q u a t i o n s ,  

Two a d d i t i o n a l  s c a l i n g  laws have been used  to d e t e r m i n e  
whether  n u c l e a r  r o c k e t s  cou ld  be  a t t r a c t i v e  i n  c o n j u n c t i o n  w i t h  
smaller l aunch  v e h i c l e s  i f  l o w e r  i n e r t  w e i g h t s  can  b e  o b t a i n e d .  
S c a l i n g  Law 3 u s e s  t h e  same A e r o j e t  s t a g e  i n e r t  weight  e q u a t i o n  
as i n  2 (13,400 l b s  t . 0 6 4  W ) b u t  assumes no a d d i t i o n a l  weight  
-1 i c .  r e q u i r e d  f o r  ZR ascen t  sh roud .  S c a l i n g  Law 4 i s  based ny! 2 
Douglas  inhouse  s t u d y  of  a S I V B  s t a g e ,  m o d i f i e d  t o  a n u c l e a r  
r o c k e t  c o n f i g u r a t i o n  ( d e s i g n a t e d  SIVB-N) and c a r r y i n g  60 ,000  
l b s  of  LH2 for a p p l i c a t i o n  t o  unmanned m i s s i o n s .  
i n e r t  weight  i n  t h i s  c a s e  i s  g i v e n  by 4500 l b s  + .1 W . 

P 

The s tage  

P 

R e s u l t s  based on S c a l i n g  Laws 3 and 4 are shown i n  
F i g u r e s  5 and 6 f o r  i n i t i a l  w e i g h t s  i n  o r b i t  of  1 0 0 , 0 0 0  lbs and 
4 0 , 0 0 0  l b s . ,  r e s p e c t i v e l y .  A small n u c l e a r  r o c k e t  i n  t h e  s o - c a l l e d  
PEEWEE-class,  assumed t o  weigh 4200 l b s  ( c o r r e s p o n d i n g  t o  abou t  
1 5 , 0 0 0  l b s  t h r u s t ) ,  i s  compared a l o n g  w i t h  Nerva I t o  chemica l s  
i n  these  two c a s e s .  F o r  t h e  1 0 0 , 0 0 0  lb l aunch  v e h i c l e ,  t h e r e  i s  
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a significant advantage to nuclear vs. chemical only if stage 
weights as low as those represented by Scaling L a  can 
actually be attained and if a very small (15,000 lbs thrust) 
PEEWEE-class engine is used rather than Nerva. If the launch 
vehicle capability is only 40,000 lbs ( %  Titan I11 M or Saturn IB), 
chemical stages are better in any event unless even lower inert 
weights are possible for a nuclear stage. It should be noted, 
however, that even the Douglas study (Scaling Law 4) was not 
intended to apply to stages as small as those which would go 
on Titan 111 M o r  Saturn IB (the SIVB-N would be about 75,000 lbs 
gross weight, including a PEEWEE engine), so the use of nuclear 
stages on the latter launch vehicles should still not be dismissed 
without a design study of very small stages, particularly for 
unmanned missions. 

- 

The feasibility of achieving low inert weights on 
nuclear stages compatible with either Titan I11 M-class vehicles o r  
the intermediate-class launch vehicles remains to be seen. The 
effects of stage diameter, launch ascent loads, propellant capacity, 
thrust level, and crew radiation shielding would have to be 
assessed f o r  specific missions and launch vehicles. 

2. Synchronous Orbit and Translunar Injection Missions 

The preceeding discussion has been based on generalized 
payload-AV curves without specifying any particular mission 
profiles. Aside from orbital plane-change maneuvers, two particular 
mission applications have been  mentioned among others (although 
these are also speculative): (a) transfer of a manned spacecraft 
from a low altitude orbit to a synchronous equatorial orbit, 
( b )  injection of an Apollo or post-Apollo spacecraft into a 
translunar trajectory. A specific suggestion which has been made 
in the latter case is that manned lunar missions could be 
carried out without a Saturn V by using earth orbital rendezvous 
of two intermediate-class launch vehicles which carry a manned 
spacecraft plus a nuclear stage for the translunar injection. 

(A) Transfer to Synchronous Equatorial Orbit 

The payload that can be triansI'ei-*red to a synchroiloiis 
equatorial orbit from a 100 n.m. orbit by a nuclear stage was 
estimated for an initial weight in orbit of 275,000 lbs, assuming 
restart of the nuclear stage for the combined circulari~ation/28.5~ 
plane change maneuver at the synchronous altitude. The effects 
of finite thrust during the first burn were included, using the 
results of Reference 2. As pointed out in Reference 2, lower 
thrust-to-weight ratio results in higher gravity losses during 
the first burn, but also results in a smaller AV required for 
the circularization/plane change impulse, due to the higher 
altitude at completion of the f i rs t  burn. Gravity losses during 
the second burn are negligible because of the low gravitational 
force at synchronous altitude. Aftercooling propellant required 
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d u r i n g  t h e  a p p r o x i m a t e l y  5-hour c o a s t  p e r i o d  was e s t i m a t e d  
!"rum c u r v e s  shown i n  Refe rence  3, based i n  t u r n  on u n p u b l i s h e d  
da t a  by R .  Nixon o f  MSFC. 

T h r u s t  l e v e l s  of 1 5 , 0 0 0 - 7 5 , 0 0 0  l b s  were c o n s i d e r e d ,  
and b o t h  t h e  Lockheed and Aero je t  s c a l i n g  equa t ions - - the  l a t t e r  
n o t  i n c l u d i n g  a n  a s c e n t  shroud--were used .  The r e s u l t s  a re  
g i v e n  i n  t h e  f o l l o w i n g  t a b l e  i n c l u d i n g  a comparison w i t h  
c h e m i c a l  s t a g e s .  

Assumed 
Engine S c a l i n g  T o t a l  Engine 

I S P  T h r u s t  Weight Equa t ion  " t o t a l  Payload  O p e r a t i n g  T i m e  

8 2 5  s e c  7 5 , 0 0 0 #  1 5 , 0 0 0 #  

5 0 , 0 0 0  1 1 , 0 0 0  

2 5 , 0 0 0  6 , 0 0 0  

1 5 , 0 0 0  4 , 2 0 0  

7 5 , 0 0 0  1 5 , 0 0 0  

5 0 , 0 0 0  1 1 , 0 0 0  

2 5 , 0 0 0  6 , 0 0 0  

1 5 , 0 0 0  4 , 2 0 0  

Lockheed 1 4 , 2 2 0  f p s  1 0 4 , 9 0 0 #  

I1 1 4 , 3 3 0  108 , 9 0 0  

I t  1 5 , 7 2 0  1 0 8  , 000 

11 1 4 , 8 5 0  1 1 1 , 2 0 0  

Aero je t  1 4 , 2 4 0  1 2 1 , 8 0 0  
I 1  1 4 , 3 6 0  1 2 5 , 7 0 9  
11 1 4 , 9 4 0  1 2 7 , 6 0 0  
I 1  1 5 , 8 7 0  1 2 3 , 8 0 G  

1 1 5 0  s e c  

1 7 3 8  
3 5 7 2  
6 2 0 8  

1 8 8 6  
1 2 4 7  

3889 
6877 

~ 

465 s e c  E igh  ----- >.= ,92  1 4 , 1 0 0  f p s  92 ,60C ---- 

High ---- ~ = . 9 2  two 1 4 , 1 0 0  f p s  9 6 , 2 0 0  ---- 

T h r u s t  s i n g l e  
s t a g e  

T h r u s t  s t a g e  

Thus,  n u c l e a r  r o c k e t s  would y i e l d  15-20% a d d i t i o n a l  
p a y l o a d  v s .  a n  advanced c r y o g e n i c  chemica l  s t a g e  for t h i s  m i s s i o n  
i f  n u c l e a r  s t a g e  i n e r t  we igh t s  c o r r e s p o n d  t o  t h e  Lockheed s c a l i n g  
laws,c?r 30-40% i f  i n e r t s  are c l o s e r  t o  t h e  A e r o j e t  s c a l i n g  law.  
I n  e i t h e r  c a s e  a t h r u s t  l e v e l  of abou t  2 5 , 0 0 0  l b s  g i v e s  nea r -  
maximum p a y l o a d ,  b u t  t h e  p e n a l t y  f o r  t h r u s t  l e v e l s  as h i g h  as 
7 5 , 0 0 0  l b s  o r  as low as 15,000 l b s  i s  o n l y  about  5 % .  The r e a s o n  
f o r  t h e  s l i g h t  d i f f e r e n c e  i n  A V ' s  and e n g i n e  o p e r a t i n g  times 
be tween t h e  two d i f f e r e n t  s c a l i n g  laws,at t h e  same t h r u s t  l e v e l s ,  
i s  t h a t  t h e  j e t t i s o n i n g  o f  t h e  a s c e n t  sh roud  we igh t  p r i o r  t o  
n u c l e a r  s t a g e  i g n i t i o n  i n  t h e  c a s e  o f  t h e  Lockheed s c a l i n g  l a w  
r e s u l t s  i n  s l i g h t l y  h i g h e r  t h r u s t / w e i g h t  r a t i o  a t  i g n i t i o n .  
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(B) T r a n s l u n a r  I n j e c t i o n  

I n j e c t i o n  from a 1 0 0  n.m. c i r c u l a r  o r b i t  i n t o  a 
t r a n s l u n a r  t r a j e c t o r y ,  c h a r a c t e r i z e d  b y  a n  i m p u l s i v e  v e l o c i t y  ( n o  
g r a v i t y  loss) r e q u i r e m e n t  o f  10,250 f p s ,  was e v a l u a t e d  f o r  a n  
i n i t i a l  we igh t  i n  o r b i t  o f  200,000 l b s .  T h i s  f i g u r e  was s e l e c t e d  
t o  r e p r e s e n t  ea r th  o r b i t a l  rendezvous o f  two i n t e r m e d i a t e - c l a s s  
l a u n c h  v e h i c l e s ,  and t h e  a n a l y s i s  of  t h e  i n j e c t i o n  s tage  p e r f o r -  
mance was i n t e n d e d  to de te rmine  whether  such  v e h i c l e s  -and s t a g e s  
would b e  a d e q u a t e  t o  c a r r y  o u t  Apol lo  or Post-Apollo l u n a r  
m i s s i o n s .  

S i n c e  t h e  uppe r  s tage o f  any o f  t h e  i n t e r m e d i a t e - c l a s s  
l a u n c h  v e h i c l e s  would undoubtedly  b e  much smaller i n  diameter 
t h a n  t h e  S I 1  s t a g e  and s i n c e ,  i f  a n  Apol lo  s p a c e c r a f t  weighing  
a b o u t  1 0 0 , 0 0 0  l b s  i s  t h e  pay load ,  t h e  p r o p u l s i o n  s tage  c a n  g r o s s  
no more t h a n  abou t  1 0 0 , 0 0 0  l b s ,  t h e  Lockheed s c a l i n g  e q u a t i o n s  
c a n n o t  b e  e x p e c t e d  t o  a p p l y .  Nuclear  s t a g e  per formance  has 
t h e r e f o r e b e e n  assessed f o r  t h i s  m i s s i o n  on t h e  more o p t i m i s t i c  
basis o f  S c a l i n g  Laws 3 and 4 (based  on t h e  A e r o j e t  and Douglas 
data,  r e s p e c t i v e l y ) .  Again,  i n e r t  we igh t s  as low as t h o s e  
p r e d i c t e d  by these s c a l i n g  laws must be c o n s i d e r e d  s p e c u l a t i v e  i n  
t h e  a b s e n c e  o f  d e t a i l e d  d e s i g n  s t u d i e s  f o r  t h i s  s p e c i f i c  m i s s i o n  
and a p a r t i c u l a r  l a u n c h  v e h i c l e .  

Nuc lea r  r o c k e t  t h r u s t  l e v e l s  o f  15,000-75,000 lbs were 
e v a l u a t e d  as i n  t h e  p r e v i o u s  m i s s i o n .  G r a v i t y  l o s s e s  d u r i n g  t h e  
t r a n s l u n a r  i n j e c t i z r :  b u r n  were taker: frcm Reference 2. The 
n n c 7 i l  A L u u L t s  are  give:: i:: t h e  t a b l e  b e l m .  

Engine S c a l i n g  I n j e c t i o n  Burn 
I S P  T h r u s t  Weight Law " t o t a l  Payload  Stage Gross  W t  T i m e  

825 s e c  75,000# 15,000# 3 10,400 f p s  102,600 97,400# 713 s e e  
4 109,200 90,800 

1101 50,000 11,000 3 10,580 105,600 94,400 
4 112,100 87,900 

25,000 6,000 3 11,350 106,600 93,400 2296 

15,000 4,200 3 12,450 102,700 97,300 4113 
4 113,000 87,000 

4 108,900 90,100 

465 sec High ---- X=.92 1 0 , 3 0 0  91,800 108,200 ---- 
s i n g l e  
s t a g e  
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The t a b l e  shows t h a t  t h e  n u c l e a r  s t a g e  ( w i t h  o p t i m i s t i c  
i n e r t  w e i g h t s )  c a n  d e l i v e r  a 1 0 0 , 0 0 0  l b  s p a c e c r a f t  w i t h  some 
per formance  to s p a r e , a n d  s i n c e  t h e  r e q u i r e d  i n j e c t i o n  s t a g e  g r o s s  
we igh t  i s  l e s s  t h a n  1 0 0 , 0 0 0  l b s ,  two 1 0 0 , 0 0 0  l b  c a p a b i l i t y  l a u n c h  
v e h i c l e s  would be  a d e q u a t e  f o r  t h e  m i s s i o n .  A s  i n  t h e  synchronous  
o r b i t  m i s s i o n ,  25,000 l b s  i s  about  t h e  optimum t h r u s t  l e v e l  
a l t h o u g h  t h e  pay load  p e n a l t y  f o r  g o i n g  as h i g h  as 75,000 l b s  o r  
as low as 15 ,000  l b s  i s  o n l y  abou t  3%.  A l t e r n a t e l y ,  a s l i g h t l y  
g r e a t e r  l a u n c h  v e h i c l e  c a p a b i l i t y  would accommodate t h e  maximum 
i n j e c t e d  pay load  c a p a b i l i t y  of a n u c l e a r  stage--106,000 l b s  o r  
113,000 l b s  f o r  t h e  two s c a l i n g  laws r e s p e c t i v e l y .  The chemica l  
s t a g e ,  on t h e  o t h e r  hand, cannot  meet t h e  Apol lo  s p a c e c r a f t  
we igh t  r e q u i r e m e n t s ;  t h e  payload  i s  o n l y  a b o u t  92,000 l b s  and 
t h e  p r o p u l s i o n  s t a g e  weight  about  1 0 8 , 0 0 0  l b s .  T h i s  i n d i c a t e s  
t h a t  t h e  r e q u i r e d  l a u n c h  v e h i c l e  c a p a b i l i t y  i s  s i z e d  by t h e  
i n j e c t i o n  s t a g e  we igh t  i n  t h e  c a s e  o f  chemica l  p r o p u l s i o n ,  
whereas  f o r  t h e  n u c l e a r  c a s e  t h e  r e q u i r e d  pay load  s i z e s  t h e  
l a u n c h  v e h i c l e .  T h i s  i s  shown i n  a more c o n c i s e  way i n  
t h e  t ab l e  below, where t h e  r e q u i r e d  l aunch  v e h i c l e  c a p a b i l i t y  
(to a 1 0 0  n.m. o r b i t )  i s  i n d i c a t e d  as a f u n c t i o n  o f  t h e  r e q u i r e d  
p a y l o a d ,  and chemica l  and n u c l e a r  a r e  compared on t h i s  b a s i s .  

Z z q u i r e d  
I n j e c t e d  I n j e c t i o n  S c a l i n g  Requi red  I n j e c t i o n  Launch V e h i c l e  
Pay load  S t a g e  Law S t a g e  Weight Capab ili t y  

100,000# Nuclea r  3 o r  4 - < 95,000# 100,000# 
Chemi c a I  x=.92 1 1 7 , 8 0 0  117,800 

i06,ooo Nuclea r  3 or 4 - <101,000 1 0 6 , 6 0 0  

Chemic a1 X=.92 125,600 1 2 5 , 6 0 0  

1 1 3 , 0 0 0  Nuc lea r  3 o r  4 - <108,000 1 1 3 , 0 0 0  
Chemical A=.92 1 3 0 , 1 0 0  1 3 0 , 1 0 0  

The p o i n t  t o  be  made w i t h  t h i s  t a b l e  i s  t h a t  f o r  
any g i v e n  i n j e c t e d  s p a c e c r a f t  w e i g h t ,  t h e  r e q u i r e d  l a u n c h  
v e h i c l e  c a p a b i l i t y  i s  l5 -2O% l e s s  i f  a n u c l e a r  r a the r  t h a n  a n  
advanced c r y o g e n i c  chemica l  i n j e c t i o n  s t a g e  i s  used .  
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Conc lus ions  

1. For S a t u r n  V-launched ear th  o r b i t a l  m i s s i o n s ,  a l a r g e r  
p a y l o a d c a n  i n  g e n e r a l  b e  c a r r i e d  w i t h  a n u c l e a r  maneuvering 
s t a g e  t h a n  w i t h  a n  advanced c r y o g e n i c  chemica l  s t a g e .  However, 
t h e  p a y l o a d  a d v a n t a g e  i s  small u n l e s s  t h e  maneuver ing  AV r e q u i r e -  
ment i s  i n  e x c e s s  o f  t h a t  r e q u i r e d  f o r  t r a n s f e r  from a low 
o r b i t  t o  a synchronous  e q u a t o r i a l  o r b i t ,  or n u c l e a r  s t a g e  i n e r t  
w e i g h t s  are  much less  t h a n  those  p r e d i c t e d  from t h e  Lockheed s c a l i n g  
laws. 

2 .  The pay load  f o r  a S a t u r n  V-launched synchronous  o r b i t  
t r a n s f e r  m i s s i o n ,  e .g . ,  i s  about  105,000-110,000 lbs w i t h  a 
n u c l e a r  s t a g e ,  assuming t h e  Lockheed s c a l i n g  laws, vs'. 9 0 , 0 0 0 -  
95,000 l b s  w i t h  chemica l .  Maximum pay load  i s  o b t a i n e d  w i t h  a 
n u c l e a r  r o c k e t  o f  a b o u t  25,000 l b s  t h r u s t .  

3. For a MOL-size payload  o f  abou t  4 0 , 0 0 0  l b s ,  a chemica l  
stage E s  more maneuvering c a p a b i l i t y  t h a n  a n u c l e a r  stage i f  t h e  
l a u n c h  v e h i c l e  c a p a b i l i t y  t o  low o r b i t  i s  abou t  1 8 0 , 0 0 0  l b s  
or l e s s  (assuming s i n g l e - l a u n c h  m i s s i o n s ) .  I f  t h e  l a u n c h  v e h i c l e  
c a p a b i l i t y  i s  t h a t  o f  t h e  INT-20 ($135,000 l b s )  or l e s s ,  a 
c h e m i c a l  s t a g e  i s  b e t t e r  f o r  any payload/AV combina t ion .  These 
s t a t e m e n t s  h o l d  u n l e s s  l ower  n u c l e a r  s y s t e m  i n e r t  we igh t s  can  
b e  o b t a i n e d  t h a n  t h o s e  p r e d i c t e d  by  t h e  Lockheed s c a l i n g  laws. 

If i n e r t  w e i g h t s  c o r r e s p o n d i n g  t o  e i t h e r  t h e  A e r o j e t  
GT D G u z a s  SIVS-N we igh t  estimates can  b e  a t t a i n e d ,  a nuclear 
s t a g e  o f  less  t h a n  100 ,000  l b s  gross weight  can  i n j e c t  a n  Apollo 
s p a c e c r a f t  o n t o  a t r a n s l u n a r  t r a j e c t o r y .  T h i s  means t h a t  a 
manned l u n a r  m i s s i o n  c o u l d  be c a r r i e d  o u t  w i t h  e a r t h  o r b i t a l  
r endezvous  u s i n g  two 1 0 0 , 0 0 0  l b s  pay load  l a u n c h  veh ic l e s - -one  
c a r r y i n g  t h e  n u c l e a r  s t a g e  and t h e  o t h e r  t h e  s p a c e c r a f t .  The 
same can  be done w i t h  a c r y o g e n i c  chemica l  i n j e c t i o n  s t a g e ,  b u t  
t h e  l a u n c h  v e h i c l e  c a p a b i l i t y  t o  low o r b i t  would have t o  b e  
15-20$ g r e a t e r .  The optimum n u c l e a r  r o c k e t  t h r u s t  l e v e l  for t h i s  
m i s s i o n  i s  a l s o  a b o u t  25,000 l b s ,  a l t h o u g h  a g a i n  t h e  p e n a l t y  f o r  
t h r u s t  l e v e l s  as h i g h  as 75 ,000  or as low as 1 5 , 0 0 0  l b s  i s  
v e r y  small .  

4 .  

5. Nuc lea r  r o c k e t s  c a n  b e  a t t r a c t i v e  on s i n g l e - l a u n c h  
m i s s i o n s  w i t h  l a u n c h  v e h i c l e s  o f  1 0 0 , 0 0 0  l b s  c a p a b i l i t y  or l e s s  
o n l y  if low i n e r t  we igh t s  c a n  b e  a t t a i n e d  and small ,  PEEWEE 
s i z e  e n g i n e s  ra ther  t h a n  Nerva I a re  used .  

- 
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Summat ion 

The case for using nuclear rockets in earth orbital 
missions is tenuous even if high AV maneuvering requirements 
become a reality. In order that performance significantly sur- 
pass that of advanced chemical stages for such applications, 
one or more of the following must apply: 

a) Mission requirements for payload sufficiently heavy 
so that at least one Saturn V-class launch vehicle 
is needed per mission. This is because scaling effects 
are such that nuclear stages are most attractive from 
the performance standpoint in large sizes. However, 
the very scale of such missions implies costs that 
would place them well into the indefinite future. 

b) Attainment of nuclear stage inert weights considerably 
lower than those predicted using the Lockheed scaling 
equations. The Lockheed weights might be considered 
conservative when applied to earth orbital missions, 
since they were based on design for long duration 
manned planetary missions and the use of the 200,000- 
250,000 lb thrust Nerva I1 engine, whereas earth 
orbital missions might require only a few hours life- 
time for the nuclear stage and the preferred thrust 
levels would be much lower. The Aerojet and Douglas 
weight estimates, on the other hand, may be optimistic 
particularly as applied to manned missions since they 
d i d  not consider launch ascent loads or crew radiation 
shielding. Even the Lockheed weights may be optimistic 
in regard to the latter since they do not reflect the 
results of Reference 4, which indicate a much more 
severe radiation hazard than had been anticipated. 

c) Suborbital start of the nuclear rocket (not included 
in this report). This could have a major impact on 
nuclear/chemical comparisons not only for earth orbital 
missions but for lunar and planetary as well. Reference 1 
and other studies have indicated dramatic performance 
y i e l d s  fmiii silborbital start, because it a l l o t s  more of 
the total mission AV to the high Isp nuclear system. 
The major barriers t o  suborbital nuclear start appear 
to be political and emotional ones, rather than technical. 
The Lockheed nuclear stage study (Reference l), e.g., 
confirmed the technical feasibility of a system which 
could effect safe disposal of a nuclear stage for both 
normal and abort-mode operations. I 

1013-HSL-nma 
Attachments 



TABLE I 

S C A L I N G  LAWS 

= 17,000 + 0.08 w 
'stage i n e r t  P 

'j e t  t i s o n  P 

#1 

'engine = 1 8 , 0 0 0  

= 12,600 + 0.0775 W 

= 13,400 + 0.064 W 
'stage i n e r t  P 

' j e t t i s o n  P 

#2 

'engine = 1 5 , 0 0 0  

= 12,600 + 0.0775 W 

= 13,400 + 0.064 Wn 
'stage i n e r t  r 

#3  

'engine = 15,000 (NERVA I) 
4,200 (PEEWEE) 

' j e t t i s o n  = o  

= 4,500 + 0.10 W 
'stage i n e r t  P 

' j e t t i s o n  = o  

# 4  

'_--: = 4,200 
t;ll& A ne 
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APPENDIX 

c o r r e s p o n d i n g  t o  t h e  s e v e r a l  s c a l i n g  e q u a t i o n s  used  i n  t h i s  

s t u d y  a r e  p l o t t e d  vs .  p r o p e l l a n t  l o a d i n g  i n  F i g u r e s  7 and 8 

s o  t h a t  t h e  r e a d e r  can  b e t t e r  j u d g e  whether  t hese  e q u a t i o n s  

a r e  o p t i m i s t i c  o r  p e s s i m i s t i c .  F i g u r e  7 does  n o t  i n c l u d e  

e n g i n e  we igh t  i n  t h e  t o t a l  s t a g e  i n e r t  w e i g h t s ;  F i g u r e  8 i n c l u d e s  

e n g i n e  w e i g h t s  as i n d i c a t e d .  J e t t i s o n a b l e  a s c e n t  shroud w e i g h t s  

a r e  n o t  i n c l u d e d  i n  e i t h e r  c a s e .  
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